Unparticle effects on top quark rare decays 
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. In this work we study the flavor changing neutral current (FCNC) decays of the top quark, t ^ cj 

' and t ^ eg, in the framework of the unparticle physics. The Standard Model predictions for the 

04 ' branching ratios of these decays are about ~ 5 X 10"^'', and ~ 1 X lO"^'^, respectively. The parameter 

space of A, A, and d is obtained by taking into account the SM predictions and the results of the 
^ ■ simulation performed by the ATLAS Collaboration for the branching ratios of t ^ C7 and t —> eg 

' decays. 
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I ■ I. INTRODUCTION 

^: 

(— I ' After the Large Hadron Collider(LHC) has been launched very recently, next decade will be a stage for a better 
understanding of the nature of the properties of, and the interactions among the elementary particles at TeV scale. 
On the one hand, LHC is expected to give a perfect understanding of the electroweak symmetry breaking of the 
^ , Standard Model(SM) which is expressed through the Higgs mechanism. On the other hand, diversity of the new 

J ■ physics scenarios will be sought at the LHC. Having a mass about the electroweak scale and being the heaviest 

' particle in the SM the top quark is one of the beacons of the LHC to shed light on the riddles of the electroweak 
CO ■ symmetry breaking, and to explore the new physics effects at TeV scale. Importance of the top quark searches at the 
CN I LHC has been concisely reviewed by Ref.s [H, 0, and 

. Since there will be huge amount production 80 million pair, and ^ 30 million single, Ref. 0]) of the top quark 
' at the LHC, one can predict that the interest of the top quark studies will be grown. There are two possibilities to 
00 , seek for the new physics effects through the top quark decays, one is the decays via charged currents and the other is 

' the decays via neutral currents. 
^ I In the SM, the top quark mainly decays to a boson and a quark q, {q = d,s,b ), Ref. As a very important 
remark to explore the several new physics predictions, besides those charge current decays of the top quark there is no 
tree level decay of the top quark through neutral currents in the SM. New physics searches via the top quark decays 
have been extensively analysed in the literature (see Refs 0, H, H, 0, [1] , and references there in) . 

The flavor changing neutral current (FCNC) decays of the top quark are highly suppresed in the SM (namely, the 
branching ratios for t qZ,q^,qg arepredicted about from ~ 10~^^ to ~ 10~^^) due to the Glashow-Iliopoulos- 
Maiani(GIM) mechanism, eg. Ref.s [1, 0, Note that recently, simulation performed by the ATLAS CoUoboration 
gives upper bound - lO-'^ on t qj{g) decay at 95% C.L., ^^E^. There are many beyond the SM proposals to 
predict FCNC decays of the top quark ( a good literature is given by Ref.s [1, Q). For example in the (minimal, 
or left-right)supersymmetric standard model scenario, Ref.s [l^, [I^Ij [3' the littlest Higgs model scenerio, 

Ref. TB'l, or in the left-right supersymmetric model, Ref. [1] those ratios are found about 10"'^ — 10~^. 

One of the most interesting and mind-bending recent new physics scenarios is the unparticle physics which is 
proposed by Georgi, Ref. [H, According to unparticle physics proposal given by Georgi, if there is a conformal 
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symmetry in nature it must be broken at a very high energy scale which is above the current energy scale of the 
colliders. Considering the idea of Ref. in Ref. [la], the scale invariant sector is presented by a set of the Banks- 
Zaks operators Obz, and defined at the very high energy scale. Interactions of BZ operators Obz with the SM 
operators Osm are expressed by the exchange of particles with a very high energy mass scale A4^ in the following 
form 



^ObzOsm (1) 



where BZ, and SM operators are defined as Obz G Obz with mass dimension dsz, and Osm S C'sa/ with mass 
dimension dsM- Low energy effects of the scale invariant Obz fields imply a dimensional transmutation. Thus, after 
the dimensional transmutation Eq.([T]) is given as 



^^^^^OuOsM (2) 

where d is the scaling mass dimension(or anamoulus dimension) of the unparticle operator On (in Ref. [IB] , d = du 
), and the constant Cu is a coefficient function. 

Interactions between the unparticles and the SM fields have been listed by Ref [19]. Regarding the Georgi's original 
point of view many work on the unparticle physics have been done so far, for example Ref (20| . 

In this work, we study flavor changing neutral current decays t ^ cj, and t ^ eg induced by scalar unparticles. 

II. t-^c'y,g DECAYS THROUGH UNPARTICLE 

The effective interaction between the scalar unparticle and the SM quarks are given as [Toj 

1 



-/(A^+^TsA^.^')/' (3) 



where / and /' denote different flavor of quarks, with the same electric charge. 
The scalar unparticle propagator is given as 



where 



167r5/2 r(d+l/2) 
(2^)2'ir(d-l)r(2d)- 
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FIG. 1: Feynman diagrams for FCNC decays of the top quark through scalar unparticle. 

The Feynman diagrams for the t — > cV decays through scalar unparticle is depicted in the Figure [1] The matrix 
element for the t cV{V ~ 7, g) decay in general form can be written as follows 

M = e^^'''>*u{p')[ia^,q''iAs + Apjr,) + j^{C + Djr^) + q^{E + Fjr,)]u{p) (6) 
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where e'^^°% and = Pp. ~ p'i_i are the polarization, and the momentum vector of the photon(gluon) , respectively, 
and As, Ap,C, D, E and F are invariant amplitudes. From the gauge invariance we have C — D = 0. Since the 
photon(gluon) is on shell, i.e. = 0, and the transversality condition (/^e^ ~ 0, leads that the last term in Eq ([6]) 
can safely be omitted. Other words, the t — > cV decay is described by magnetic moment type transition 



M = e''^''>u{p')[i<j^,q''{As + Apj,)]u{p) (7) 

Obviously the contribution of Fig. 1(a), and Fig. 1(b) are proportional to e'^^°'^*u{p')jf^u{p) or e'^^°'^*u{p')j^j5u{p), 
and therefore, can be omitted since they do not contribute to the structure a^i,q" . So, only diagram (c) presented in 
Fig. 1 should be considered. After some calculation for the invariant amplitudes As and we get 



2A2(rf-i)sind7r ^ (47r)2 
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-m,y(l - X - y)(A^/A^« + A^/A^^) - m,{x + y)(A^/A*j' - A^/A^^)] 



[-{p'x+pyf +p'^x+p'y-ml{x + y)Y ^ (8) 



Ap = —44^ Yt^^ t dx C ^yil-x-yY'" 

2A2('i-i)sind7r ^ (47r)2 Jo ^' 

[-m,y(l - X - y){-y^^§\'^ + A^p^A^^) - m,{x + y)[\'§\'^ + A^p'A*^^)] 

{-{p'x +pyf+ p''^x + p^y -ml{x + y)] (9) 

where q — {u, c, t}, when t or c quark running at loop only one of vertices contain flavor changing and another vertex 
is flavor diagonal. But when u quark runns at loop both vertices are flavor chaning and therefore its contribution 
to the considered process compared to the c and t quark contributions should be very small. For this reason we 
will neglect u quark contributions in all next discussions. A5(Ap) and A are the scalar (pseudo-scalar) couplings and 
energy scale of unparticles, respectively. The couplings for the vector bosons are defined as = Qge, 9^ = 9s^'^/2. 

Taking the square and the average of the amplitude gives 



42 AT 

< l^^l' 0A4/ 4 • 2, i\As\' + \Ap\') [{p ■ q){p' ■ q)] (10) 

where N is color factor given by | for the t ^ eg and 1 for the t decay. Therefore, the FCNC decay width 

can be written as 



327rA4'i-4 sin^ dTT * ^ ' 

The FCNC top quark decay width T{t Vc) is calculated in terms of the unparticle coupling to the quarks A, the 
unparticle scale A and the scaling dimension d. In numerical analysis, without loss of generality, for simplicity, we 
take A = A^*'''^' = A^'''^'', and mt = 175 GeV, nic = 1.2 GeV, and a = 1/128, as = 0.117. We consider the total width 
of the top quark decay as Ftot = 1.5 GeV, which is mainly determined by the decay width of t — > bW~^, Ref. 

In Fig. [21 and Fig. [3l we present the branching ratios for t ^ cy and t ^ eg decays with respect to the scaling 
dimension d for various values of the coupling A at A = ITeV. In these and the following figures the line (EXP) means 
the result of the simulations performed by the ATLAS Collaboration where the upper limits of the considered decays 
are obtained about 10^^ at 95% C.L., Ref. [l3|. The SM prediction is represented by the solid horizontal line. From 
those figures we see that the branching ratio of for t ^ cj and t eg decays decreases strongly with increasing d, 
except d = 2. It is well known that for scalar unparticles at d = 2 there is infrared singularity. From the figures it 
also follows that the branching ratio of t ^ e^{t —* eg) decay becomes smaller than the SM prediction when d < 1.4 
at A = 10~2. If the coupling constant is larger than 10"^ then practically at all values of d in the considered region 
1 < d < 2 branching ratio oit ^ ej{t — > eg) decay in the unparticle theory exceeds the SM one. It should be noted 




that the similar analysis for b sj, Ref. [2]J (and ^ ^ decay Ref. [23|) leads to result that the preferable value 
of the coupling constant is about ^ 1Q~^ — 10~^ . 

In the Figures IH and [5] we present the dependence of the branching ratios on the parameter d for various values 
of the energy scale A at A = 10~^. From these figures it follows that for A = ITeV - A = lOTeV up to d = 1.4 the 
branching ratio of t — > C7(t eg) decay exceeds the SM one. 
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FIG. 4: Branching ratio for t ^ cy decay forA = 10 



In the Figure [51 and [7] we present the dependence of the branching ratios to the couphng parameter A for given 
values of the parameter d. From these figures, one can observe that the branching ratio exceeds the SM prediction if 
A > 10~2_ 



C7, respectively. 
^ , however if the 



In the Tables HI and |TT] we present numerical values of the branching ratios for t — > eg, and t - 
One can explicitly see that experimental sensitivity is appropriate for only d < 1.3 for A > 1 x 10 
experimental sensitivity can be increased then the unparticle effects can be detected even if the coupling is about 
10^2^ 
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FIG. 5: Branching ratio for t —> eg decay for A = 10 
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FIG. 6: Branching ratio for t cy decay with A = ITeV. 



III. CONCLUSIONS 



In present work, we study the FCNC rare decays of the top quark t ^ and t eg through scalar unparticle. 
Regarding the latest simulation performed by the ATLAS Collaboration, Ref [10], the sensitivity to these rare decays 
of the top quark at %95 C.L. are Brit 07) = 2.8 x 10"^, and Br{t eg) = 1.6 x 10^^. If there is such a rare 
decay it will give a window to see the beyond SM physics effects. Using the low energy effective field description of 
the unparticle physics we show that FCNC decay of the top quark is very good channel to explore for and to put 
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FIG. 7: Branching ratio for t eg decay with A — ITeV. 
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TABLE I: The branching ratio for t eg with respect to the scahng parameter d. Here, we assume A = lOOOGeV. 



d 


Br for A = 5 X 10"^ 


Br for A = 10 


1.1 


4.7 X 10"^ 


7.5 X 10""' 


1.2 


4.9 X 10"" 


7.8 X 10"" 


1.3 


5.7 X 10-^5 


9.2 X 10"^^ 


1.4 


7.5 X 10^'' 


1.2 X 10"^^ 


1.5 


1.1 X 10"'^ 


1.8 X 10""^ 


1.6 


2.0 X 10"'^ 


3.2 X 10"^* 


1.7 


4.2 X 10"* 


6.8 X 10"^^ 


1.8 


1.2 X 10"* 


2.0 X 10"^^ 


1.9 


6.8 X 10"^ 


1.1 X 10"^^ 



TABLE IL The branching ratio for t ~* cy with respect to the scahng parameter d. Here, we assume A = lOOOGeV. 



d 


Br for A = 5 X 10"^ 


Br for A = 10 


1.1 


2.3 X 10"" 


3.7 X 10"'' 


1.2 


2.5 X lO"'^ 


3.9 X 10"^^ 


1.3 


2.9 X 10"® 


4.6 X 10"" 


1.4 


3.8 X 10"'^ 


6.1 X 10"^* 


1.5 


5.7 X 10"* 


9.0 X 10"" 


1.6 


9.9 X 10"^ 


1.6 X 10"" 


1.7 


2.1 X 10"'' 


3.4 X 10"" 


1.8 


6.2 X 10"^° 


9.7 X 10"" 


1.9 


3.4 X 10"^° 


5.5 X 10"" 



limits on the unparticle effects. We use the limits given by the ATLAS Collaboration to constrain the unparticle 
parameters. According to our results, one could expect to see unparticle effects for A = 1 — lOTeV if the coupling is 
about A > 10"^ for d < 1.3. This is consistent with the exsisting results in the literature (see, for example see Ref.s 
[11, m, m, and references there in.). 



TABLE IH: Comparison of the branching ratios Br{t —* cy), and Br{t —^ eg) with the branching ratios found in the Ref [2^ 
for various values of the scaling papameter d. 



d 


p _ Br{t^cg) 
^ Br(t^cgg) 


_ Sr(t-,C7) 


1.05 


0.06 


0.06 


1.10 


0.05 


0.05 


1.15 


0.05 


0.05 


1.20 


0.03 


0.03 



We want to remark that t — > C7 or t — > eg are loop level processes both in the SM and in the unparticle physics. 
However, t — > C77 or t — > egg can take place at tree level in the unparticle physics The unparticle effects in the 
rare t — > egg decays has been studied in the Ref. [1^ . In Table IIIIl we present a comparison our branching ratios 
Br{t c-f), and Br{t eg) with the branching ratios found in the Ref [23] for various values of the scaling parameter 
d. One could understand this behavior with the observation that the t — > 07 or i — > eg decays are proportional with 
Uem or as but the t —^ C77 or t —^ egg decays depend on the unparticle coupling A which we take 10"^, is smaller 
than as but bigger than aem- Therefore, the behaviors of the branching ratios of i — > e"f{g), and t — > cy^lgg) in the 
SM, and the unparticle physics are different. 
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